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Introduction
The sectoral interrelations captured by the Leontief's pioneering (economic) input-output model (Leontief, 1941) were subsequently extended to analyse the interactions between the economy and the environment. It was Leontief himself who first accounted for the pollution associated to the production system (Leontief, 1970) . Since then, the environmental inputoutput model has become a useful tool for analysing environmental loads such as gas emissions, water uses, energy consumption and waste generation.
In the last decades, the input-output model of emissions has largely been used to study the patterns of gas pollution and how pollution is related to production activities. Among others, Alcántara and Roca (1995) used the input-output model to analyse the Spanish primary energy requirements and CO 2 emissions during the period 1980 . Lenzen (1998 analysed the energy and greenhouse gas flows in the Australian economy. Ostblom (1998) analysed the Swedish emissions from the point of view of the country's medium-term economic projections for economic growth. Lenzen et al. (2004) constructed a multi-region input-output model, which was used to calculate the CO 2 multipliers for five European countries, taking into account the greenhouse gases embodied in international trade. Morilla et al. (2007) defined an environmental and economic model on the basis of a social accounting matrix for Spain. For the Irish economy, O'Doherty and Tol (2007) presented an environmental input-output model to analyse waste, greenhouse gas emissions and water uses.
The input-output model of emissions, which has usually been used to study the patterns that explain the total emissions of the production system, can also be used to decompose the different channels through which sectoral emissions are produced and transmitted throughout the economy.
The subsystems input-output approach allows studying an individual sector or group of sectors that is considered a subsystem which interacts with the rest of the sectors. This approach isolates the relations of a limited number of activities from the whole system, and this shows specific information about the relations of individual units as part of the entire production sphere. The subsystems model, which was originally proposed by Sraffa (1960) , Pasinetti (1973 Pasinetti ( , 1988 , Deprez (1990) and Scazzieri (1990) among others, has also been extended to the analysis of the environmental burdens associated with the production processes. In this field, Alcántara (1995) and Sánchez-Choliz and Duarte (2003) provided a conceptual set to illustrate the ability of the subsystems approach to show the isolated effects of individual agents on pollution generation. Alcántara and Padilla (2009) used a subsystem model to study the CO 2 emissions of the Spanish service sectors. Similarly, Cardenete and Fuentes (2011) analysed the CO 2 emissions of Spanish energy activities using a subsystem decomposition within a social accounting matrix model. Finally, Butnar and Llop (2011) applied structural decomposition analysis to a subsystem model that isolated the emissions of the Spanish service sectors.
In this paper, we define an input-output subsystems model of the greenhouse gas emissions, in which each sector is separated from the whole production system. Our model identifies the patterns through which gas pollution is generated and transmitted within the production system by capturing the individual specificities of the emissions caused by sectors of production. Our approach, which divides the sectoral emissions into different components, illustrates how the individual patterns of greenhouse gas pollution differ among sectors. With this approach, therefore, we further analyse pollution generation and provide valuable information about the process of greenhouse gas emissions. We apply this analytical context to Ireland, using both economic and environmental information for the year 2005. The greenhouse emissions we consider are the six major greenhouse gases regulated by the Kyoto Protocol: carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), halofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulphur hexafluoride (SF 6 ).
Our results show a different contribution of the decomposed effects to the emissions of the different activities of production. They also show important asymmetries depending on the gas analysed. Therefore, pollution abatement measures should be individually defined and individually implemented not only in terms of the different gases involved but also in terms of the different sectors of production, mainly if the aim is to mitigate the negative consequences of the production system on the environment.
The rest of the paper is organised as follows. Section 2 describes the emission subsystems approach and section 3 contains the empirical results. At the end of the paper we provide some concluding remarks.
A subsystems input-output model of emissions
Our study involves applying a subsystem input-output decomposition of the sectoral greenhouse emissions. The subsystems approach, which captures the channels by which pollution is produced and transmitted throughout the production system, provides useful information about the underlying patterns that explain the pollution generation of an economy.
The basic idea behind the subsystems approach is that an individual sector (or a group of sectors) can be analysed as a particular unit without modifying the main characteristics of the system of which such particular unit is part. The usefulness of the subsystems approach is that it isolates the relations of an activity from the whole system, and this provides specific information about the production relations of individual units.
Taking into account that a subsystem responds to the notion of an individual sector or group of sectors that produce a specific commodity, an input-output table allows to consider as subsystems as sectors of production reflected in this table. In this paper we take into account separately all the sectors of production and, for each one, we apply a subsystems division of its greenhouse emissions. This analysis, which decomposes the emissions of each sector into different sources, extends our knowledge about the greenhouse pollution of the production system.
The starting point of the subsystems representation consists of the decomposition of the N accounts of an input-output system into two categories (M and S), with 1, 2, …, m sectors belonging to M subsystem, and m + 1, …, n, belonging to the S subsystem. By taking into account this separation of the accounts, the input-output representation can be written as follows:
where the subscripts and superscripts denote the group of accounts M and S respectively. In Equation (1), matrices A contain the technical input-output coefficients, the column vector
contains the sectoral production and the column vector
From expression (1), we can calculate sectoral production as
where B is the Leontief inverse. By taking this definition into account, the model can be written as:
Expression (2) contains the following two equations:
The two equations in (3) show the production of the M and S subsystems, respectively. Let us assume that we are interested in analysing the S subsystem. Then, the interpretation of Equation (3) contain the emissions coefficients, calculated as the emissions per unit of production in the M and S subsystems, respectively. These matrices have emissions as rows and sectors as columns. The emissions associated to the components of the S subsystem are equal to:
These expressions show the emissions associated to the external component (EC S ) -the emissions from subsystem M due to demand for S -the induced component (INC S ) -the emissions from subsystem S due to demand for M -the internal component (ITC S ) -the emissions from subsystem S due to demand for S -and the demand level component (DLC S ) -the direct emissions due to demand for S. 3 The total (direct and indirect) emissions (E S ) of the S subsystem can then be calculated as:
The subsystem model allows analysing the emissions of a sector or group of sectors by disentangling the underlying interdependences within the production system. This extends our knowledge about the effects of particular units of production on the environment.
2 Note that if we focus on the S subsystem, this part of the M production does not have any interest. 3 Note that a situation of null emissions in S (that is, all the elements in C S equal to zero) means that the INT S component, the ITC S component and the DLC S component are zero. However, the EC S component can be positive, given that it reflects the emissions of M caused by the final demand of S.
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We should note, however, that the decomposition is not perfect in the sense that the sum of E S and E M is greater than the total emissions. Particularly, the induced and external components are doubly counted -EC M =INC S and EC S =INC M . The sum of the induced, internal and demand level components does add up to the total emissions, as does the sum of the external, internal and demand level components. The latter maps all emissions to final demand for S: y S -we shall therefore refer to this as emissions from consumption. The former maps all emissions from sector S: C S -we shall therefore refer to this as emissions from production.
Empirical application to the greenhouse emissions in Ireland
For the empirical application we used the symmetric Input-Output (IO) The information reported by the subsystem decomposition of sectoral emissions highlights several aspects of the greenhouse pollution of the Irish production system. First, we show the total emissions of the six gases analysed. Second, we focus on the decomposition of CO 2, CH 4 and N 2 O emissions into different components according to the subsystem framework. Finally, we describe the patterns that explain the HFC, PFC and SF 6 emissions. Table 2 shows the greenhouse emissions of the Irish production system in the year 2005. The CO 2 emissions are the largest component of total greenhouse gas emissions. Specifically, in 2005 the total carbon dioxide (CO 2 ) emissions were 38.0 million tonnes, 64.5% of which (24.5 million tonnes) 4 caused by the generation of electricity (sector 17), 17.2% of which (6.5 million tonnes) caused by transport services (sector 19), and 11.8% of which (4.5 million tonnes) caused by the production of cement (sector 9). Jointly, these three activities explain 93.5% of the total CO 2 emissions from fossil fuel combustion. Other economic activities show a correspondingly smaller contribution to climate change. Cement production is responsible for another 2.6 million tonnes of process emissions of carbon dioxide. This constitutes 100% of such emissions. Table 2 shows that the most influential sector is electrical goods (sector 13), with 89.8% of total emissions. Perfluorocarbons (PFC) are completely caused by the production of electrical goods (sector 13): 0.2 million tonnes of emissions.
Total greenhouse emissions
Finally, Table 2 shows that in the year 2005 sulphur hexafluoride (SF 6 ) emissions amounted 90 thousand tonnes, 99.7% of which are due to the production of electrical goods (sector 13).
A closer look at carbon dioxide
The third column of Table 2 shows the sectoral contribution to total emissions of fossil carbon dioxide according to the sum of internal, induced and demand level components. Table 3 repeats that information, and adds the sectoral contribution according to the sum of the internal, external and demand level components; as well as the direct emissions (C
S x S
).
Power generation (sector 16) is the largest source of direct emissions. It is an even large share of production emissions, because the induced component is so large: Electricity is used in all other sectors of the economy. The external component is small, however, because power generation takes few inputs from other sectors. The consumption emissions are therefore small. A similar mechanism holds for transport (sector 19) and cement (sector 9) emissions: The induced component is large, and the external component is small. The opposite is true for services (sector 18): The induced component is small but the external component is large. Therefore, consumption emissions are large but production emissions are small. The reason is that services per se are energy extensive, but its intermediary inputs (electricity, transport) are not. The results in Table 3 are partly explained by the relative sizes of the sectors. We therefore decompose gross output along the same lines (cf. Table 2 ) and compute the emission intensity for the sectors and the components. The results are shown in Table 4 . The average emission intensity is 117 grammes of carbon dioxide per euro output. Direct emission intensity is highest in power generation (sector 16), cement (sector 9), and transport (sector 19). For these three sectors, induced emission intensity is greater than external emission intensity. For all other sectors, it is the other way around. Comparing Table 3 to Table 4 , we see that the differences between consumption and production emission intensities are smaller than the differences between consumption and production emissions. That is, the patterns in Table 3 are largely due to the structure of economic production rather than the structure of energyand emission-intensity.
Decomposition of CO 2 , CH 4 and N 2 O, emissions
Following the logic of the input-output subsystems model, the emissions caused by a particular sector are divided into four components: external component, induced component, internal component and demand level component, depending on the drivers behind the pollution process. In this section, we quantify the emission components of the Irish greenhouse emissions in the year 2005. Specifically, we first focus on the CO 2 , CH 4 and N 2 O gases which, among the six gases analysed, are relatively widespread in the Irish production system. Figure 1 illustrates the results of the decomposition of the CO 2 emissions, which have been calculated by taking into account the contribution (in percentage) of the subsystem components within the total carbon dioxide emissions in each sector of production. Figure 1 shows that the patterns of CO 2 emissions are very different at the sectoral level. In general, the induced component is the most important channel within the CO 2 emissions and, accordingly, this means that the production of sectors needed to cover the final demand of the other sectors cause the greatest CO 2 pollution. This result suggests that the main source of CO 2 emissions of activities depends, to a greater extent, on the final demand of the rest of the production system. Figure 1 shows, however, some important exceptions: food (sector 3), paper (sector 6), rubber and plastic (sector 8), office machines (sector 12), electrical goods (sector 13), construction (sector 17) and services (sector 18). For these Demand Internal Induced External activities, the external component is the most important source of CO 2 and this means that the production required from the other activities to cover the own demand is the main cause of emissions. We can also point out that some activities show a significant contribution of the demand level component to their total CO 2 emissions: sector 14 (transport equipment) with 36.3%, sector 12 (office machines) with 27.5%, sector 8 (rubber and plastics) with 24.4%, sector 15 (other industry) with 13.5% and, finally, sector 4 (textiles) with 12.6%. According to our results, therefore, these are activities in which the own final demand contributes to their CO 2 emissions with a none-negligible amount.
An important finding of the analysis of the relative contribution of the subsystems components is that the CO 2 emissions have different origins at a sectoral level and no general trends can be traced within the production system, as the origin of pollution mainly depends on the activity considered. Demand Internal Induced External component is the most important channel. For these activities, therefore, the CH 4 emissions are mainly explained by the production required to cover the final demand of the others. Finally, note that the demand component and the internal component explain the lesser part of the CH 4 emissions. Figure 3 contains the decomposition of sectoral N 2 O emissions. The contribution of the different subsystem components is very different at a sectoral level and no general rules can be traced from this analysis. The emissions caused by the final demand on the production of the other sectors (the external component) dominate in sector 2 (quarrying), sector 3 (food), sector 6 (paper), sector 13 (electrical goods), sector 17 (construction) and sector 18 (services). In all these activities the external effect is larger than 90% of total N 2 O emissions. On the other hand, the induced effect is the main pollution channel in sector 1 (agriculture), sector 9 (cement), sector 11 (machinery), and sector 16 (fuel and water). Final demand is an important source of N 2 O emissions in sector 14 (transport equipment), sector 12 (office machines), sector 8 (rubber and plastics), sector 15 (other industry), and sector 4 (textiles).
Comparing Figures 1, 2 and 3, there are qualitative differences in the relative contribution of the subsystem channels of emissions. As a general trend, the relative importance of the induced effects is the most important component in the CO 2 emissions. This illustrates that for CO 2 the relation of the accounts with the other parts of the system contributes most to generate emissions. If we look at the CH 4 emissions, the external component dominates in most of activities and that means that the emissions are mainly explained by the production required of the other sectors to cover the own final demand. Additionally, the final demand of activities shows a significant contribution in explaining the N 2 O emissions, being larger than the demand contribution in the other two gases.
All these results suggest that the trends of CO 2 , CH 4 and N 2 O are not the same. This is interesting for policy purposes since it may indicate that different gases should be treated differently by sectoral abatement policies. It also may indicate that abatement measures should be sectorally defined and applied, according to the patterns of pollution in each sector of production. If the income and production connections between activities generate different emission channels, the importance of which depends on both the gas and the sector under analysis, policy measures must take into account the individual specificities that make emissions very asymmetric at a sectoral level.
Decomposition of HFC, PFC and SF 6 emissions
This section shows the emissions of HFC, PFC and SF 6 gases. These are potent industrial greenhouse gases with no natural sources.
The last column in Table 2 shows the sectoral contribution to total emissions for each gas analysed. The production of electrical goods (sector 13) is responsible for most of HFC and all of PFC and SF 6 emissions. The chemical sector also emits some HFCs. The subsystem components show a similar decomposition for this activity in the three emissions; the most important channel is the final demand components and the other channels are practically negligible. This result suggests that the reduction in the three emissions analysed could be accomplished with policies oriented towards the final demand (i.e. export) of electrical goods.
Studying the components of the subsystem model reveals the underlying effects that generate environmental consequences within the production system. This illustrates the usefulness of the subsystem input-output decomposition for disentangling the subjacent reasons that explain greenhouse pollution.
Conclusions
In this paper, we define an input-output subsystem model of emissions to show the channels that explain greenhouse gas emissions of the Irish production system. Specifically, we define a subsystem method that identifies four different components in the sectoral emissions, by capturing both the economic and the environmental relationships that exist among the production activities. In the empirical analysis for the Irish production system, we individually take into account the emissions of all activities and their relations with the rest of the production system. Our approach provides additional information about the complex process of pollution generation and how it is related to the production process.
Our application to the Irish greenhouse emissions reveals emissions are concentrated in a few sectors. However, alternative definitions of the sectoral contribution to total emissions show very different patterns. This is because direct emissions are concentrated in economic sectors that deliver intermediate goods and services to other sectors. The sectoral share of emissions is partly explained by differences in gross output and partly by differences in emission intensity. Differences in the intensity of direct emissions are far more pronounced than differences in the intensity of emissions taken intermediate deliveries into account.
These results suggest that sectoral emission reduction policies need to take account of trade in intermediates so as to avoid unexpected economic consequences.
